Primary hyperparathyroidism (PHPT) is a common endocrinopathy, frequently caused by a parathyroid adenoma, rarely by a parathyroid carcinoma that lacks effective oncological treatment. As the majority of cases are present in postmenopausal women, oestrogen signalling has been implicated in the tumourigenesis. Oestrogen receptor beta 1 (ERB1) and ERB2 have been recently identified in parathyroid adenomas, the former inducing genes coupled to tumour apoptosis. We applied immunohistochemistry and slide digitalisation to quantify nuclear ERB1 and ERB2 in 172 parathyroid adenomas, atypical adenomas and carcinomas, and ten normal parathyroid glands. All the normal parathyroid glands expressed ERB1 and ERB2. The majority of tumours expressed ERB1 (70.6%) at varying intensities, and ERB2 (96.5%) at strong intensities. Parathyroid carcinomas expressed ERB1 in three out of six cases and ERB2 in five out of six cases. The intensity of tumour nuclear ERB1 staining significantly correlated inversely with tumour weight (PZ0.011), and patients whose tumours were classified as ERB1-negative had significantly greater tumour weight as well as higher serum calcium (PZ0.002) and parathyroid hormone levels (PZ0.003). Additionally, tumour nuclear ERB1 was not expressed differentially with respect to sex or age of the patient. Levels of tumour nuclear ERB2 did not correlate with clinical characteristics. In conclusion, decreased ERB1 immunoreactivity is associated with increased tumour weight in parathyroid adenomas. Given the previously reported correlation with tumour-suppressive signalling, selective oestrogen receptor modulation (SERMs) may play a role in the treatment of parathyroid carcinomas. Future studies of SERMs and oestrogen treatment in PHPTshould consider tumour weight as a potential factor in pharmacological responsiveness. 
Introduction
Primary hyperparathyroidism (PHPT) is defined as a parathyroid tumour producing excessive amounts of parathyroid hormone (PTH), which in turn leads to hypercalcaemia. Most parathyroid tumours are adenomas but are nonetheless associated with an increased risk of cardiovascular and cerebrovascular diseases as well as cancer (1, 2, 3) . Parathyroid carcinomas are very rare (!1% of parathyroid tumours), but today's oncological treatment regimens have only a limited effect (4) . According to World Health Organization (WHO) criteria, parathyroid tumours are classified as atypical adenomas if they show histopathological signs of malignancy (i.e. capsular engagement, trabecular growth, marked nuclear pleomorphism, fibrous bands and increased MIB-1 proliferation index) but lack distant metastasis, local invasion of surrounding organs, vascular/neural invasion and evidence of recurrence after parathyroidectomy (5) . This group of tumours is believed to include both parathyroid carcinomas and histologically adverse adenomas without malignant potential. Several diagnostic markers have been proposed for distinguishing between the two (6) .
Recurrent genetic aberrations in parathyroid tumours have been identified during previous studies, e.g. inactivating mutations of MEN1 in parathyroid adenomas or cell division cycle 73 (CDC73) in parathyroid carcinomas (7, 8, 9) . Recent whole-exome sequencing studies of parathyroid adenomas have overall revealed few nonsynonymous mutations, including ones in a limited number of reoccurring genes (10, 11, 12) . Additional underlying genomic events are yet to be identified and the current understanding of parathyroid tumour genetics cannot fully explain the aetiology of the common parathyroid adenoma. As parathyroid adenomas are frequently found in postmenopausal women, a causality coupled to female hormones or their receptors was proposed at an early stage.
Oestrogens are a group of steroid hormones with important reproductive functions in fertile women, but low levels of oestrogens are also found in men as well as in postmenopausal and prepubertal women. Oestrogens function by binding to oestrogen receptor a (ERA), encoded by the ER gene 1 (ESR1), or to ERB1, encoded by the ESR2 (13, 14, 15) . ERA and ERB1 both act as DNA-binding transcription factors upon ligand activation. Several splice variants of ERB exist; the well-characterised variant is ERB2 (also known as ERBcx), which lacks a ligand-binding domain and is believed to inhibit ERA function (16, 17) . A membranous G protein-coupled ER (GPER/GPR30) with non-genomic effects has also been described (18) . ER signalling has been found to be associated with tumourigenesis of other tissues, most notably that of breast, where loss of ERB1 is thought to be associated with a poorer prognosis (19, 20) .
Results from several studies have indicated a functional association between oestrogen signalling and parathyroid functionality in vitro, with effects on PTH secretion, DNA synthesis and gene transcription (21, 22, 23, 24) .
Oestrogen signalling was suspected to affect parathyroid tumour development but initial results indicated that parathyroid glands in both normal and tumourous states lacked ERA expression (25) . Recently, however, two ERB isoforms (ERB1 and ERB2) were identified in parathyroid adenomas and the adjacent normal parathyroid tissue; moreover, in several cases, nuclear expression of ERB1 was found to be weaker in the tumour than in the corresponding normal rim. Additionally, an inverse relationship was observed between ERB1 nuclear expression and tumour weight. Selective activation of ERB1 by agonist treatment in vitro was found to functionally alter parathyroid tumour gene transcription in a tumour-suppressive manner (24) .
In this study, we sought to assess the findings outlined above by investigating the expression of ERB1 and ERB2 in a large panel of parathyroid specimens, including a set of prospectively collected parathyroid adenomas, retrospectively collected extremely large parathyroid adenomas, atypical adenomas, parathyroid carcinomas and normal parathyroid glands.
Materials and methods

Patient samples and ethical statements
All parathyroid adenomas were obtained from patients who underwent surgery at Karolinska University Hospital after informed consent and local ethical approval were obtained. Both the prospective cohort of 146 adenomas, including extensive clinical biochemistry, and the retrospective set of 15 adenomas with large glandular weight have been described previously (26, 27, 28) . Parathyroid carcinomas and atypical adenomas were collected on a worldwide basis: eight have previously been described as part of a study of historical material (29) . Additionally, three cases of parathyroid carcinomas were obtained from Kyiv City Teaching Endocrinological Centre (Kiev, Ukraine) with informed consent and local ethical approval. In total, 172 tumours were included in this study. All specimens were classified according to the WHO criteria. Clinical data are summarised in Table 1 .
Normal parathyroid glands were obtained from normocalcaemic patients undergoing thyroid surgery, where normal parathyroid glands were identified en passant in the histopathological material. Cases of invasive ductal breast carcinoma and normal breast tissue served as positive controls. Cases of breast carcinoma and normal tissues were anonymised in accordance with Swedish Biobank law.
Immunohistochemistry
Slide deparaffinisation, rehydration and high pH antigen retrieval were performed using a PT link system (Dako, Glostrup, Denmark). Immunostaining was performed using an intelliPATH FLX automated stainer (HistoLab, Gothenburg, Sweden) with primary antibodies targeting human ERB1 diluted to 1:200 (rabbit monoclonal, EPR3778; Abcam, Cambridge, UK) and human ERB2 diluted to 1:300 (mouse monoclonal, clone 57/3; AbD Serotec, Oxford, UK), for 45 min at room temperature. Primary antibodies were visualised using a HRP-coupled polymer incorporating 3,3 0 -diaminobenzidine (DAB) chromogen.
Before polymer incorporation, anti-ERB2 was treated with an anti-mouse probe, yielding additional signal amplification. Haematoxylin was used for counterstaining. Experimental optimisation of ERB1 was determined using anonymised slides of breast cancer and parathyroid specimens, evaluating antigen retrieval solution (low-and high-pH) as well as antibody concentrations and incubation time.
To validate antibody specificity, anti-ERB1 blocking experiments were conducted as described later in this study. For ERB2, experiments were conducted as described previously (24) . A single slide of multiple parathyroid specimens was run in each experiment for comparison to exclude batch effects. Slides were selected randomly for batch runs, with no entire clinical subgroup run in a single batch.
Scoring of immunohistochemistry
All slides were scanned using a Hamamatsu digital scanner (Hamamatsu, Shizuoka, Japan) for manual and digital scoring. The authors (F Haglund, C C Juhlin and A Höög) performed manual scoring cooperatively, reaching consensus in all cases. ERB1 and ERB2 nuclear staining (positive, weak or negative) was evaluated in tumourous and adjacent normal parathyroid tissue (normal rim). Tumours and normal rim with either weak or positive nuclear staining showing a significant proportion (O25%) of negative cells (as either an overall mixture of positive and negative nuclei or a negative subpopulation within the slide) were scored as heterogeneous ('mix').
Quantification of nuclear staining intensity was performed as described previously for all slides (24) . In short, digitalised images were analysed using the Visiopharm Tissuemorph Digital Pathology (Visiopharm, Hoersholm, Denmark) image analysis software. An algorithm for nuclei-specific signal selection was manually designed for each case. Staining intensity in the nuclei was estimated by measuring the unmodified signal intensity in a DAB-specific layer (signal filter provided by Visiopharm Tissuemorph Digital Pathology). DAB intensity was measured using the standard Red-Green-Blue (RGB) integer value scale, ranging from 0 (no signal) to 255 (fully saturated signal).
Immunoblotting
Western blotting was performed to validate the specificity of the anti-ERB1 (EPR3778) antibody, which has not, to our knowledge, previously been described. Sample protein was extracted by cutting fresh frozen breast or parathyroid tissue, followed by incubation in RIPA buffer and treatment with proteinase inhibitors for 30 min on ice. Samples were centrifuged at 13 000 g for 30 min in 4 8C to remove residual cellular debris. Protein concentration was measured by A280 absorption using a Nanodrop instrument (Thermo Fisher Scientific, Inc., Waltham, MA, USA); 5-12% BisTris gels were loaded with 75 mg protein/sample. Magic Mark XP Western and Novex Sharp protein standards were used to identify protein size and migration. Protein migration was performed for 50 min at 200 V in a wet chamber using MOPS buffer with reducing conditions and proteins were transferred onto a nitrocellulose membrane (all reagents from Life Technologies). Membranes were blocked in 5% non-fat milk and incubated in anti-ERB1 (EPR3778, 1:2000 in 5% milk) overnight at 4 8C followed by a 1-h room Figure 1 , see section on supplementary data given at the end of this article).
Antibody blocking
The EPR3778 immunising peptide sequence was kindly provided by Abcam. A corresponding peptide with O75% purity was commercially produced (GeneScript, Piscataway, NJ, USA). Antibody immunoreactivity was confirmed using a dot-blot protocol (results not shown).
The antibody was then incubated with the blocking peptide (diluted to O100-fold excess molarity) for 1 h at room temperature followed by 1 h at 4 8C. An unblocked antibody dilution was run in parallel to the blocking experiments using otherwise the same conditions (Supplementary Figure 2 , see section on supplementary data given at the end of this article).
Statistical analysis
All data were analysed using SPSS version 22.0 (IBM, Inc., Chicago, IL, USA). All statistical analyses assumed a nonnormal distribution and two-tailed tests when applicable. Bivariate analyses of covariance were performed using Spearman's ranked correlation. Categorical variable distribution was analysed using Fisher's exact test. The MannWhitney U tests for unpaired data or the Wilcoxon tests for paired data were performed for comparisons between groups. For categorical variables with more than two levels, Kruskal-Wallis one-way ANOVA was employed. P!0.05 was considered statistically significant. Tumour weight quartiles were defined for statistical comparison: the first weight quartile ranged from 52 to 254 mg, the second and third quartiles from 262 to 1020 mg and the fourth quartile from 1035 to 27 800 mg.
Box plots were created using SPSS or R version 3.1.2. Box whiskers represent the lowest value still within 1.5 interquartile range (IQR) of the lower quartile, and the highest value still within 1.5 IQR of the upper quartile.
Results
Validation of digitally measured intensity by comparison with manual scoring
The overall association between manual and digital scoring results was strong: ERB1 nuclear intensity as measured by Visiopharm Tissuemorph was significantly associated with the results from manual scoring (ERB1 visualised in Supplementary Figure 3 , see section on supplementary data given at the end of this article, Spearman's ranked rZ0.642, P!0.0005). The intensity of individual cases did not exclusively overlap the manual measurement (e.g. tumour nuclear staining heterogeneity was not included in this model). Statistical correlation between manual and digital scoring was not performed for ERB2 on account of few samples being available with weak (Z1) or negative (Z3) ERB2 staining.
Heterogeneous expression of ERB1 in parathyroid tumours
We observed varying levels of ERB1 nuclear expression in all normal parathyroid glands (10/10) and the majority of parathyroid tumours (120/170Z70.6%); about half of the tumours exhibited a heterogeneous mix of negative and positive cells (52/120Z43%) (Fig. 1A , B and C, Supplementary Figure 4A , B and C, see section on supplementary data given at the end of this article). Specifically, nuclear immunoreactivity was scored as weak or positive in three out of six (50%) parathyroid carcinomas (Supplementary Figure 5) , one out of seven (14%) atypical adenomas and 116 out of 157 (74%) regular adenomas. Tumour ERB1 nuclear intensity did not differ significantly between tumours with different histopathological diagnoses or tumour-dominant cell type (chief-, oxyphil or mixed cell types).
Tumour nuclear ERB1 expression correlates inversely with tumour weight. Both digital and manual scores of ERB1 levels correlated inversely with tumour weight (Spearman's rank correlation, rZK0.20, PZ0.011, Fig. 2A ). Nuclear ERB1 intensity was also significantly lower in tumours of the highest (fourth) versus the lowest (first) weight quartiles (Kruskal-Wallis all quartiles: PZ0.024 and Mann-Whitney U tests: PZ0.007, Fig. 2B ).
Tumours with negative nuclear ERB1 staining (compared with weak or positive staining) had significantly higher levels of plasma intact PTH (MannWhitney U tests: PZ0.027 and PZ0.003, Fig. 2C ) and serum ionised calcium (Mann-Whitney U tests: P!0.0005 and PZ0.002, Fig. 2D ). ERB1 nuclear staining intensity showed a weakly significant inverse correlation with PTH levels but not with calcium levels (Spearman's ranked rZK0.17, PZ0.036 and rZK0.16, PZ0.055 respectively). Tumour ERB1 nuclear intensity did not remain a statistically significant predictor of PTH after correction for tumour weight (PTH as a dependent variable in linear regression, crude B, K0.246, PZ0.002; adjusted B K0.087, PZ0.219).
Indications that loss of ERB1 is a tumour-specific phenomenon
A comparison between tumour and normal rim ERB1 signal intensity was performed on an individual-case basis (normal rim was present in 60 samples, all adenomas). For comparative purposes, an arbitrary difference of G10 integer values (RGB range 0-255) was chosen to classify the cases as having stronger, equivalent or weaker tumour staining compared with normal rim (illustrated in Supplementary Figure 6A , see section on supplementary data given at the end of this article); 21 out of 60 cases were classified as having weaker intensity (tumour), 28 out of 60 as having equivalent intensity and 11 out of 60 as having stronger intensity (tumour). Overall, tumours had a significantly lower ERB1 nuclear intensity than the corresponding normal rim (Wilcoxon, PZ0.027), which in turn was similar to that of normal parathyroid glands. Additionally, no significant differences were observed when the intensities of normal rims from different (tumour) weight quartiles were compared with each other or with normal parathyroid glands (data not shown). This supports the notion that normal parathyroid cells express ERB1 with limited variation, and that the extracellular environment in PHPT (e.g. increased serum calcium and PTH) does not strongly regulate ERB1 levels in normal parathyroid cells.
As tumours with a lower ERB1 nuclear intensity were found to weigh more, we investigated the overall tumour versus normal classification in association with tumour weight (Supplementary Figure 6B) . We observed that the majority of large tumours were classified as having a decreased tumour ERB1 intensity compared with the normal rim. Results of comparisons of the ERB1 nuclear staining intensity of tumour and normal rim samples classified according to tumour weight quartiles of the samples (Z60) indicate that a significant decrease in tumour intensity was limited to tumours of the largest (fourth) weight quartile (Wilcoxon, PZ0.004, Fig. 3) .
Sex of the patient is not associated with tumour nuclear ERB1 levels ERB1 levels (both manual and digital scores) in tumours from males did not differ significantly from those for tumours obtained from females. To investigate the potential association of menopause with tumour levels of ERB1, female patients were grouped according to age: !40 (Z8), 41-55 (Z41) or O55 (Z83) years. Using these criteria, no significant difference in tumour nuclear ERB1 was observed between these groups. 
Tumour nuclear ERB1 does not correlate with other clinical features
The tumour nuclear ERB1 expression was not related to coexistence of patient diabetes, hypertension, osteoporosis or increased markers of bone metabolism (serum alkaline phosphatase, carboxy-terminal collagen or amino-terminal pro-peptide of type 1 collagen).
Identification of single cells with strong ERB1 nuclear immunoreactivity in parathyroid tissue
We initially observed single cells with strong positive ERB1 expression in parathyroid tumours with otherwise weak ERB1 expression, varying in density between specimens ( 
ERB2 is widely expressed in parathyroid tumours and normal glands
All the normal parathyroid glands (10/10) and the vast majority of the parathyroid tumours (165/171Z96.5%) expressed strong nuclear ERB2 immunoreactivity (Fig. 1E , F and G, Supplementary Figure 4D , E and F). Tumour ERB2 nuclear staining intensity was similar in tumours from males and females and did not correlate with age, serum ionised calcium or plasma PTH of patients. No correlation was found with tumour weight or histopathological diagnosis. ERB2 expression did not differ significantly between tumours, normal rims and normal parathyroid glands.
Discussion
It has been suggested previously that oestrogen signalling has a role in parathyroid tumour development (21, 22, 23, 24) . To investigate this notion, we studied the expression of ERB1 and ERB2 in a large set of parathyroid tumours. A comparison of the intensity of nuclear ERB1 immunoreactivity showed that the levels were similar in tumours, normal rims and normal parathyroid glands. As we observed a wider distribution in the tumours, we proposed the hypothesis that ERB1 levels could be altered in the tumourous tissue. Indeed, the overall nuclear intensity of ERB1 was significantly lower in the tumours compared with the corresponding normal rims. The tumour nuclear immunoreactivity of ERB1 correlated inversely with tumour weight, by both digital and manual scoring methods. This prompted us to further investigate the potential relationship between a decrease in tumour nuclear ERB1 levels and an increased tumour weight.
We found that tumours in the largest (fourth) weight quartile had a significantly lower immunoreactivity than the corresponding rim, in contrast to tumours in the other weight quartiles. As the ERB1 levels of the normal rims were equivalent to those of normal parathyroid glands, we concluded that this could represent a tumour-specific reduction in ERB1 nuclear immunoreactivity, which in turn is associated with higher tumour weight. The coupling of ERB1 function to tumour suppression in parathyroid tumour cells in vitro also supports this role (24) . The difference in nuclear ERB1 immunoreactivity could reflect the relative tumour sensitivity to ER modulation. Thus, future pharmacological studies of SERMs in PHPT should consider tumour weight as a potential factor in patient/tumour responsiveness.
To investigate the potential difference in tumour nuclear ERB1 levels in pre-and postmenopausal female patients, we divided these patients into subgroups. No statistically significant difference between the groups was detected. While no direct measurement of oestrogen levels was performed, this indicates that tumour ERB1 levels are not strongly dependent on the menopausal status of female patients. Without a reliable medical history, however, one cannot rule out a causal linkage to oestrogen levels or hormone replacement therapy. Results from epidemiological studies were indicative of an inverse association between PHPT incidence and oestrogen replacement therapy in Rochester, MN, as well as an increased risk of parathyroid adenoma with high parity (30, 31, 32) . The potential effects of oestrogen and oestrogen compounds on parathyroid tumourigenesis deserve further attention.
Results of functional studies have indicated a causal linkage between PTH secretion and oestrogen treatment in parathyroid cell cultures. We observed a significant inverse relationship between patient PTH levels and tumour nuclear ERB1 levels, but it ceased to be significant after correction for tumour weight. Further in vitro analyses of PTH secretion in parathyroid tumour cells with a focus on ER signalling would be of interest.
We observed tumours with either an increased or a decreased nuclear ERB1 staining intensity compared with normal rim. Cases classified as having a stronger tumour intensity (18%) had a mean increase of 19.8 (16-24; 95% CI) integer value, while tumours with a weaker intensity (35%) had a mean decrease of 26.1 (19.6-33; 95% CI) integer value. The smaller difference observed in tumours with an increased intensity compared with the normal rim might explain the lack of association with clinical variables in this group.
The nuclear immunoreactivity of ERB1 in the six parathyroid carcinomas was not apparently different from that in the parathyroid adenomas. Considering the inverse correlation among tumour weight, nuclear ERB1 intensity and the apparent larger size of these tumours, the nuclear ERB1 levels were higher than expected. This is remarkable as atypical adenomas have been reported to exhibit lower levels of nuclear ERB1 compared with adenomas. Similarly, we found low levels of ERB1 in atypical adenomas (six out of seven were classified as ERB1-negative). While the number of analysed cases is small, this may be a reflection of the different tumour aetiologies of entities. As our set contained only a limited number of atypical adenomas and carcinomas, the presented correlations between tumour ERB1 levels and tumour size as well as patient biochemistry can with certainty only be applied to parathyroid adenomas.
We found an overall strong and homogenous expression of ERB2 in parathyroid tumours (96.5%) and normal parathyroid glands (100%). While the biological function of ERB2 in parathyroid tissue is unknown, the retention of expression of this splice variant signifies that the loss of ERB1 expression is limited to that isoform. Furthermore, the structural properties of ERB2 determine that the receptor cannot mediate oestrogen signalling by itself (16, 17) . As parathyroid tissue effectively lacks ERA, the down-regulation of ERB1 would effectively silence the ligand-mediated oestrogen signalling in parathyroid tumours. As ERB2 was found to be widely expressed across our panel, this might indicate a vital housekeeping function for this receptor in parathyroid tumours, albeit not directly influencing the clinical parameters analysed in this study. Future insights into the function of ERB2 would help to elucidate the complex context of ER signalling.
Parathyroid carcinomas are a rare entity but additional treatment options are still warranted. Studies of SERMs in PHPT have focused on pharmacological effects on bone metabolism, serum calcium and tumour PTH secretion. While these are important outcomes in patients with parathyroid adenomas, the potential tumour-suppressive effects may be of equal importance in patients with parathyroid carcinomas. If the effects of ERB1 activation in carcinomas are similar to those in ex vivo cultured parathyroid adenoma cells, SERMs and oestrogens may have a role to play in the treatment of malignant lesions. Parathyroid carcinomas are so rare that randomised double-blinded studies are ruled out. Case reports on individual patients with metastasising carcinomas and simultaneous treatment with SERMs may provide anecdotal evidence of the potential tumour-suppressive activity. Goepfert and colleagues (33) reported treatment of a single parathyroid carcinoma with hexestrol, a synthetic ER agonist. After 4 weeks, they found a significant decrease in serum calcium levels and significant tumour regression as determined by radiology. To our knowledge, there are only a few other reports of treatment with oestrogen compounds or SERMs in patients with metastatic parathyroid carcinomas and more are needed.
We identified ERB1 at an overall lower frequency in parathyroid tumours than described previously. In the current study, we classified 29% as ERB1-negative; the remaining tumours exhibited a mix of negative and positive cells at a frequency of 43%. In the previously published study from our institution (24) ERB1 expression was observed in all the investigated cases and a mosaic pattern of ERB1-positive and -negative tumour cells was identified in 19 out of 35 tumours (54%); however, the distribution of the variation in tumour ERB1 nuclear immunostaining was similar to that in this study. We believe that the difference could be attributed to the sensitivity of the primary antibodies.
The heterogeneity of tumour nuclear ERB1 could reflect an increase in cellular proliferation, which is indicated by the tumour-specific association between ERB1 levels and tumour weight. Generally, parathyroid tumours exhibit a low MIB-1 proliferative index, making comparisons difficult. A further investigation of this association by regular immunohistochemistry would require a more sensitive marker of proliferation. Additionally, the staining heterogeneity could reflect actual tumour ERB1 signalling. Upon ligand activation, ERB1 translocates to the nuclei, where it acts as a transcription factor. Hence, negative tumour nuclei may be unresponsive to oestrogen signalling due to altered receptor turnover or inhibitory mechanisms.
In conclusion, we have found widespread expression of ERB1 and ERB2 in a large set of parathyroid tumours. While the variations in ERB2 expression were small, the nuclear immunoreactivity of ERB1 was significantly decreased in larger parathyroid tumours, indicating the potential tumour-suppressive function of ERB1 in parathyroid tumourigenesis.
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